[1] Wave-particle interactions are fundamental to the dynamics of the outer radiation belt. Electromagnetic ion cyclotron (EMIC) waves can resonate with energetic electrons, causing pitch angle diffusion and scattering of the electrons into Earth's atmosphere. These waves act locally; thus, accurately measuring their spatial and temporal distributions is critical to understanding their contribution to radiation belt electron losses. Using Los Alamos National Laboratory Magnetospheric Plasma Analyzer data from geosynchronous orbit, we examine a plasma-based proxy for enhanced EMIC wave growth during a set of 52 relativistic electron flux dropout events. This proxy is compared to in situ wave measurements from the GOES satellites, also at geosynchronous orbit, for single-wave events as well as a superposed epoch statistical analysis. The proxy is extended to calculate an amplitude for the inferred waves, to enable a more quantitative comparison to the in situ GOES EMIC measurements. Signatures of EMIC waves are present in both the proxy and the direct wave observations at similar local times as well as epoch times. The waves are most prevalent in the afternoon sector, with enhanced occurrences beginning half a day before the onset of the dropouts and peaking in the day following. We see agreement in occurrence between the proxy and waves both statistically and in individual instances. This study demonstrates the powerful applications of plasma data to infer wave distributions in space.
Introduction
[2] Wave-particle interactions play a critical role in radiation belt dynamics, and can provide a major source of both acceleration and loss of energetic electrons in the inner magnetosphere. In particular, electromagnetic ion cyclotron (EMIC) waves can gyroresonate with energetic electrons, breaking their first adiabatic invariant and scattering them into the loss cone [Albert, 2003; Summers and Thorne, 2003] . EMIC waves are generated in the inner magnetosphere by anisotropic (T ? > T || ) keV ion populations as the ions convect in from the tail and drift westward around the Earth [e.g., Anderson et al., 1996] . Large anisotropies, as well as the presence of cool plasma, can produce enhanced EMIC wave growth [Cornwall et al., 1970; Horne and Thorne, 1993] . In order to better quantify losses to radiation belt electrons due to EMIC waves, an understanding of the waves' global distribution is needed. As these waves are a localized phenomenon, multipoint measurements are necessary to accurately measure EMIC distributions and determine the spatial and temporal extent of the waves.
[3] EMIC waves often occur in the afternoon sector where ring current ions overlap cool, dense plasmaspheric plumes [Spasojević et al., 2004] . A number of studies have examined the distributions of EMIC waves across local time and L shell using magnetometer measurements from a variety of satellites including CRRES, GOES, AMPTE CCE, and DE 1 [e.g., Meredith et al., 2003; Clausen et al., 2011; Anderson et al., 1992; Erlandson and Ukhorskiy, 2001] . The waves are observed primarily on the dusk side, with occurrences peaking during the main phase of storms but often persisting into the recovery phase as well [Fraser and Nguyen, 2001; Bossen et al., 1976; Halford et al., 2010] . While in situ EMIC measurements show strong wave activity during the main phase of storms, a relative absence is observed in ground measurements of Pc1-Pc2 waves during this storm phase [Engebretson et al., 2008 , Posch et al., 2010 . Various indirect measures of the waves have also been used to gain insight into their global distributions. Spasojevic and Fuselier [2009] investigated the correspondence between EMIC waves and proton precipitation in detached subauroral arcs as seen in far ultraviolet (FUV) images. Spasojevic et al. [2011] also find a correlation between these auroral arcs and the local plasma conditions in the equatorial plane that map to the regions of precipitation.
[4] In this study, we use in situ plasma measurements from the Los Alamos National Laboratory (LANL) instruments onboard geosynchronous satellites to calculate a plasmabased proxy for EMIC waves based on Alfvén cyclotron instability theory [Gary et al., 1994; Blum et al., 2009] . The proxy, detailed in Blum et al. [2009] , is examined and compared to in situ wave measurements from the GOES satellites to investigate the accuracy and validity of such a proxy over local time during periods around relativistic electron drop out events. This proxy is extended to calculate wave amplitude to enable more quantitative comparison to the wave observations. We look both at single events, as well as the statistical distributions of the waves, and compare the LANL proxy to GOES EMIC wave measurements.
EMIC Wave Proxy
[5] Using the formulation described in Blum et al. [2009] , similar to one used to investigate whistler chorus mode waves by MacDonald et al. [2008] , a proxy for EMIC wave growth is calculated based on local plasma conditions. Theory and simulations establish that sufficiently anisotropic ions can trigger the Alfvén cyclotron instability and excite EMIC waves [Gary, 1993] . The incited fluctuations are resonant with and can scatter the source ions, reducing the anisotropy and quenching the instability. Thus an upper bound for stability is imposed on the ion anisotropy:
where subscript h indicates the warm ion population; plasma beta b ||h = 8pn h T ||h /B o 2 ; n h is the warm ion density; and T ? and T || are the ion temperatures perpendicular and parallel, respectively, to the background magnetic field B o . S h and a h are parameters obtained by a fit to the instability threshold condition derived from linear theory. They are functions of g/W p as well as n h /n e , where g is the temporal growth rate, W p is the proton gyrofrequency, and n e is the electron density, taken to be equal to the sum of the warm and cool ion populations [Gary et al., 1994] . These fitting parameters are described by the following expressions [Blum et al., 2009] : 
As a h is a very weak function of g/W p , we use the expression for a h associated with g/W p = 10 À3 in all calculations of S h . For S h > S h at a given time, it is likely that the warm ions are sufficiently anisotropic to excite the Alfvén cyclotron instability and generate waves at the prescribed growth rate. Thus, comparing the two quantities S h and S h yields a proxy for determining the level of enhanced EMIC wave activity. Where S h = S h for a given temporal growth rate g, wave growth of this rate is expected.
[7] In this work, this proxy is further developed to calculate physical wave characteristics and enable a more quantitative comparison to direct wave measurements. Using S h expressions for g/W p = 0.001, 0.004, and 0.01, and interpolating linearly between these values, a g value is found for each S h measurement such that S h = S h (g/W p ). Next, using the warm plasma dispersion relation and following Kozyra et al. [1984, equation 4] , the group velocity is calculated, and thus the convective growth rate (g/v g ) for the waves. Following Jordanova et al. [1997] and Chen et al. [2010] , the path-integrated gain G is calculated in decibels by integrating the convective growth rate along the source region of the field line:
where l 1 and l 2 are the lower and upper limits of the source region. We assume parallel propagating waves, a dipole magnetic field, the source region to be AE 10 magnetic latitude, and the growth rate and group velocity to be constant within this region.
[8] Finally, we adopt the simple scaling model used by Jordanova et al. [2001] to compute a wave amplitude B w :
where B sat is the saturation amplitude of the waves; G max is a maximum gain, above which saturation is assumed; and G min the minimum gain, below which growth and wave-particle scattering is considered to be negligible. Comparing to statistical studies of EMIC wave amplitudes, which typically measure waves to be $1-3 nT in the inner magnetosphere, with a maximum observed magnitude $10 nT [Erlandson and Ukhorskiy, 2001; Anderson et al., 1992] , we set B sat = 10 nT, G min = 13.3 (equivalent to an amplitude of 0.1 nT), and G max = 40 (10 nT). Below this G min value, waves drop below magnitudes detectable by the GOES spacecraft. To better match wave amplitudes measured by GOES, our selections for these values differ from those used by Jordanova et al., [2001] , who takes G min = 20 and G max = 60. While this amplitude calculation includes a number of assumptions, it allows for estimation of physical wave characteristics, for quantitative comparison to the wave measurements themselves. We discuss the implications of these assumptions in more detail in section 4.
Observations
[9] LANL data from geosynchronous orbit are used to investigate the in situ plasma conditions during our events. Using the Magnetospheric Plasma Analyzer (MPA) instrument, bulk moments are obtained for the density of cool ions (defined as <100 eV), the density of warm ions (100 eV to 45 keV), as well as the warm ion temperature both parallel and perpendicular to the background magnetic field (T || and T ? , respectively). As MPA cannot distinguish among ion species, a pure proton population is assumed. The background magnetic field direction is inferred from symmetry in the plasma distributions [Thomsen et al., 1999] . The T89 magnetic field model [Tsyganenko, 1989] is used to calculate the magnitude of the background field B o .
[10] The inferred waves are compared to wave measurements taken by the GOES satellites, also at geosynchronous orbit. Using 0.512 s high-resolution magnetometer data, resampled at a constant resolution of 0.6 s, dynamic spectra are computed for all three magnetic field components using a fast Fourier transform (FFT) with a 1 h window, advanced in 20 min steps, following the analysis performed by Clausen et al. [2011] . The instrument response is suppressed for frequencies between 0.5 and 1.0 Hz, so only EMIC waves with amplitudes >1 nT are resolvable up to $0.8 Hz, and amplitudes >0.1 nT below 0.5 Hz . This enables identification of waves in the He + and O + bands, and the lower portion of the H + band. To automate identification of EMIC waves from the spectrograms, an algorithm developed and described by Clausen et al. [2011] is employed. This algorithm selects waves between 0.1 and 0.8 Hz, with total power spectral density in the transverse components greater than 10 nT 2 /Hz above the background noise lasting 15 min or more. Figure 1 demonstrates the output of this algorithm for a single day of GOES data, where the red boxes indicate EMIC wave selections.
[11] Using these data sets, we perform both single event comparisons as well as a superposed epoch study of 52 events. For the statistical study, a set of energetic electron flux dropouts taken from Green et al. [2004] is used, where events were chosen based on a decrease in the >2 MeV electron flux, as measured by GOES, by a factor of 100 or greater when compared to the flux on the previous day. On average, these events show a dip in Dst reaching a minimum of À40 nT in the day following dropout onset (zero epoch). While Green et al. [2004] looked at these events to investigate the potential causes of the relativistic electron dropouts, they are used here as a convenient event list for which both LANL and high-resolution GOES data are available. Investigation of the link between the waves and the radiation belt depletions is not the focus of the present study. Below, we first present GOES and LANL data from a single day during one such dropout event, and then place it in the larger context of the statistical study.
Single-Event Study: 10 January 2000
[12] Data are presented from the GOES 10 and LANL-89 (1989-046) satellites for one such event on 10 January 2000, where LANL-89 trails GOES by 2 h. This dropout event, with zero epoch occurring at 5 UT, takes place just prior to the onset of a geomagnetic storm, with minimum Dst reaching À81 nT on 11 January around 22 UT. This day is selected for comparison because GOES detects EMIC waves at 5 distinct times throughout the day; we investigate the accuracy of the plasma-based proxy for each of these instances of wave activity, which are distributed across a range of local times. On 10 January, EMIC waves are measured first by GOES at 4 UT, followed by subsequent bursts at roughly 5, 8, 17:30, and 23:10 UT (see Figure 1) .
[13] The various plasma parameters measured by LANL MPA and used to calculate the EMIC proxy are presented in Figure 2 . Figure 2a shows the cold plasma density, enhancements indicating crossings into plasmaspheric bulge or plume regions. Figure 2b shows warm proton density, and Figure 2c the warm proton temperature anisotropy, defined as T ? /T || À 1. Elevated anisotropies, concurrent with enhanced cool and warm plasma densities, combine to create four separate times where the proxy exceeds the instability threshold for a growth rate g/W p = 10 À3 (Figure 2d ). For these times, the wave amplitude is calculated (Figure 2e ) following the steps previously outlined in section 2. In Figure 2f , average amplitudes of the EMIC waves measured by GOES 10 are shown. GOES amplitudes are approximated by calculating the square root of the wave power, integrated over the frequency range of the activity as identified by the Clausen et al. [2011] algorithm described in section 3. When waves in multiple bands are detected simultaneously (e.g., 4-5 UT), the average amplitude of the two wave bursts is calculated, as the LANL EMIC proxy does not distinguish the exact frequency of the EMIC activity it infers. Simultaneous waves in multiple bands are measured relatively infrequently (during roughly 2% of the GOES wave detections) so we do not expect this to greatly affect our statistical results. From Figures 2e and 2f , it is evident that each EMIC wave burst measured by GOES 10 is subsequently detected in the LANL-89 data.
Statistical Superposed Epoch Study
[14] The LANL spacecraft are not equipped with field measurements, and GOES 8, 9, and 10 do not provide the necessary plasma parameters to calculate the EMIC proxy. Thus, the conclusions drawn from single event comparisons of wave amplitude are limited by the physical separation of the spacecraft. Therefore, we perform a superposed epoch study of 52 relativistic electron flux dropout events and compare EMIC wave distributions across both local and epoch times. Following Green et al. [2004] , events are superposed to align the onsets of the electron dropouts, where zero epoch is set to the time when the >2 MeV electron flux drops by a factor of two as compared to the flux level on the previous day. On average, minimum Dst falls within 1 day after zero epoch and a small SSC (storm sudden commencement) is observed just before zero epoch, so for events associated with storms, the dropouts occur primarily during the main phase [Green et al., 2004, Figure 5] . There is also, on average, an increase in AE activity coinciding with zero epoch. These events are often preceded by increased solar wind dynamic pressure and a southward turning of the interplanetary magnetic field [Green et al., 2004] .
[15] Figure 3 shows normalized occurrence rates of both the plasma-based LANL proxy (Figure 3a) , as well as the GOES EMIC wave measurements (Figure 3b ). The LANL data set utilizes measurements from 6 spacecraft distributed in local time, while GOES includes data from the GOES 8, 9, and 10 spacecraft depending on availability. For each data set, the number of measurements made during EMIC activity (measured or inferred), divided by the total number of measurements in that time bin, is plotted. Data are divided into hourly bins, and average values within each bin are plotted; gray bins indicate times with no data. We choose a minimum amplitude of 0.1 nT for the lower threshold of the LANL proxy, to best match the GOES instrument sensitivity. Here, the proxy and wave measurements agree well qualitatively across both local and epoch time. The majority of EMIC waves, $65% of those measured by GOES and 69% inferred by LANL, occur between 12 and 18 MLT, in agreement with other EMIC measurements seen by CRRES [Meredith et al., 2003] and GOES [Clausen et al., 2011] .
Discussion

Wave Occurrence Comparison
[16] We return to the case study previously presented to validate the proxy for individual events, with the caveat that wave characteristics may be varying in the 2 h of local time between GOES 10 and LANL-89. Figure 2 shows the plasma conditions combining to exceed the local instability threshold and incite EMIC wave activity at 4 times throughout the day, each slightly later in universal time than the wave activity detected by GOES 10. The first two periods of wave activity detected by LANL (just after 4 UT through $9:30 UT) occur during periods of enhanced cold plasma as the satellite passes through the dusk sector. In contrast, the fourth occurrence of EMIC activity, beginning at LANL-89 around 17:30 UT, occurs on the morning side, where cold plasma density remains low but warm ion anisotropy is enhanced. At $21 UT, as cold plasma density increases again, the warm plasma density drops to very low values, elevating the instability threshold (Figure 2d ) and making wave growth more difficult. Both cold plasma enhancements, as well as a large enough source population of warm ions, are needed to exceed the instability threshold and incite EMIC waves. We see the EMIC instability excited under various plasma conditions across a range of local times, in good agreement with observed EMIC waves. This case study demonstrates the validity of the plasma-based proxy across local times, and for a variety of plasma parameters that combine to trigger the instability.
[17] Figure 4 compares the statistical occurrence rates of the plasma-based proxy and EMIC wave measurements as a function of local and epoch time by averaging the occurrence frequencies from Figure 3 across epoch (Figure 4a ) as well as a range of local times (Figures 4b-4e) . Figure 4a shows the distribution of LANL and GOES measurements across local time, and demonstrates the coherence between the proxy and wave occurrences over local time. There is a strong peak in both LANL and GOES from $12 to 18 MLT, with a linear correlation coefficient of 0.96 between the two, and a mean difference over all local times of 1.37%. At local times beyond this peak, somewhat larger wave occurrences exist in the LANL proxy than in GOES. These slightly elevated LANL values are also revealed when comparing across epoch time for various MLTs (see Figures 4b-4e ). This suggests that the plasma instability may be triggered without exciting EMIC waves of large enough amplitude for detection by GOES.
[18] We focus on Figure 4b , which averages EMIC occurrences from 12 through 17 MLT, as this is the region in which the majority of the waves occur. Occurrence rates are elevated in both the LANL proxy and the GOES data beginning half a day before the onset of the dropouts and extending 1 day following, with a peak just after zero epoch. Peak occurrence rates reach 20-30%, with a linear correlation coefficient of 0.81 and mean difference of 3.7% between the LANL proxy and GOES data. For events in this data set associated with storms, this occurrence peak falls in the main phase of the storms, consistent with other in situ measurements of EMIC waves but not necessarily with those from the ground [Halford et al., 2010; Engebretson et al., 2008] . As is evident from Figures 3 and 4 , the greater coverage of the LANL satellites, both over time and longitude, provides an excellent database to draw from for statistical EMIC wave studies. Using the extensive LANL MPA database, it is possible to supplement current wave measurements and form a global picture of EMIC wave distributions at geosynchronous orbit during a variety of geomagnetic conditions.
Wave Amplitude Comparison
[19] Next we discuss the wave amplitude calculation, outlined in section 2, and compare the resulting inferred wave amplitudes to those measured by GOES. As mentioned in section 2, we use a source region of AE 10 magnetic latitude, as was used by Jordanova et al. [1997] . This is consistent with EMIC measurements from the CRRES satellite which indicate a source region constrained within $AE 11 magnetic latitude [ Loto'aniu et al., 2005] . However, the proxy wave amplitude calculation is fairly sensitive to this assumption (a region of AE 5 produces a wave gain roughly half as large as that for AE 10 ), so while our source region choice is accurate statistically, it may be a source of uncertainty in gain, and thus wave magnitude, calculations for individual wave events.
[20] Additionally, we scale G min = 13.3 to a wave amplitude of 0.1 nT, rather than the G min = 20 used by Jordanova et al. [2001] . When using G min = 20, there were far lower occurrence rates in the LANL data than the GOES, indicating that events with G < 20 were still able to incite EMIC wave growth. The G min and G max values used here are tuned to identify these smaller amplitude waves, and agree well with observations as well as theoretical calculations by Bortnik et al. [2011] for waves in the few nT range. However, the sensitivity of the scaling model (equation (5)) to larger gain values causes small increases in gain to result in large amplitude enhancements, potentially overestimating wave amplitudes at the upper end of the gain scale. As seen from the LANL amplitudes calculated for 10 January in Figure 2e , the proxy saturates on a number of occasions while the GOES measurements remain below $2 nT. Measurements of >10 nT EMIC waves appear relatively rarely in the GOES data. We choose to use these lower G min and G max values of 13.3 and 40, respectively, in order to calculate accurate occurrence rates, despite the likely larger-than-realistic amplification of values at the upper end of the measurements.
[21] Figure 5 compares average wave amplitudes, measured and inferred, across both local and epoch time. As was done in Figure 4 , the mean wave amplitudes in each hourly bin are now averaged across epoch time (Figure 5a ) and local time (Figure 5b ) to enable quantitative comparison of the LANL predicted amplitudes to those measured by GOES. Only bins where waves are detected are taken into consideration, so the GOES data are sparser, as seen in Figure 5b . The GOES data here also show more scatter around the mean, most likely due to fewer data points from the two GOES satellites when compared to all six of the LANL. As GOES wave occurrence rates are 0% for a number of hourly bins across the night and morning side, Figure 5b is not subdivided into four local time sectors, as was done for Figures 4b-4e. No obvious trends in variation in average amplitude are exhibited in relation to either epoch or local time, and the average magnitudes of the GOES and LANL measurements are very similar. The total distribution of wave amplitudes is also computed for all GOES wave detections as well as LANL proxy calculations, and distribution properties are compared. The mean amplitude measured by GOES across all local and epoch times is 1.12 nT, with a standard deviation of 0.43 nT, while the mean amplitude of waves inferred by LANL equals 1.13 nT, with a standard deviation of 1.6 nT. The average values agree well, as is also seen in Figure 5 . The larger standard deviation in the LANL inferred wave amplitudes may be due to a greater sensitivity of the proxy to low-amplitude waves as compared to the GOES instrument response, as well as to potential amplitude overestimation for events at the upper end of the gain range, as discussed earlier.
Conclusions
[22] In this study, direct EMIC wave measurements from the GOES satellites are compared to a plasma-based proxy for the waves, derived from warm (keV) ion temperature anisotropy and warm and cool ion population densities as measured by LANL satellites. We investigate the correlation between the plasma-based proxy and wave measurements at geosynchronous orbit both for individual cases as well as statistically across local and epoch times. Statistical EMIC occurrence rates from LANL and GOES both become elevated half a day before the onset of flux dropouts, peaking during the day following, and in the afternoon sector, consistent with theory and past observations. On 10 January 2000, as LANL-89 trailed GOES 10 by 2 h, EMIC wave signatures were detected in the plasma measurements at roughly the same local times as those measured by GOES magnetometers just previously. Each wave burst measured by GOES 10 is subsequently detected in the plasma conditions at LANL-89. Strong agreement is found between the wave and proxy occurrences both statistically as well as for single events.
[23] The ability to include LANL MPA data to complement wave measurements greatly enhances our understanding of EMIC wave distributions across local and storm times. As the LANL database consists of seven spacecraft spanning approximately 18 years, it contributes a vast number of measurements to supplement current EMIC wave statistics at geosynchronous orbit. This proxy validation also enables the use of LANL satellites to provide multipoint measurements of equatorial wave distributions, to compare both with other nearby satellites as well as to ground based wave measurements [e.g., Posch et al., 2010] or low-altitude precipitation signatures [e.g., Miyoshi et al., 2008; Millan et al., 2010] . As seen from the EMIC activity on 10 January 2000 in Figure 2 , this proxy could be used in combination with wave measurements to study the temporal and spatial variation for individual EMIC events. Additionally, as shown by MacDonald et al. [2010] , this EMIC proxy combined with a similar proxy for whistler chorus waves can be used to study the relative contributions of various wave types to overall radiation belt dynamics through a balance of acceleration and scattering mechanisms. With the extension of the proxy to calculate EMIC wave amplitudes, an estimation of waveparticle scattering rates can be made, to aid in the quantification of relativistic electron losses from the outer radiation belt [Bortnik et al., 2011] . Here, we demonstrate the value of plasma measurements to aid in the characterization of global EMIC wave distributions.
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